Sulfur compounds have been considered as potential thermoelectric materials due to recently reported high ZT values. However, the synthetic methods for these compounds are too expensive or complicated to be applied to large-scale production. Among these compounds, tin sulfide (SnS) has attracted increasing attention not only because of its extremely low thermal conductivity (below 1.0 W (m K) À1 ) but also its earth-abundant resources.
Introduction
The thermoelectric materials are a kind of clean power resource to deal with the environmental issues because they can convert waste heat into electricity. It is very important for countries like China, where fog and haze have become serious concerns. [1] [2] [3] The efficiency of thermoelectric materials can be evaluated by the dimensionless gure of merit ZT (ZT ¼ S 2 sT/(k L + k e )), where S is the Seebeck coefficient, s is the electrical conductivity, T is the absolute temperature, k L is the lattice thermal conductivity, and k e is the electronic thermal conductivity. [4] [5] [6] [7] Though many methods have been reported to synthesize high-performance thermoelectric materials, it is still necessary and urgent to nd a way to produce high-efficiency thermoelectric materials that are environmentally friendly, low-cost and with the potential of mass production.
Recently, tin selenide (SnSe) was proposed as a latent thermoelectric material due to its special two-dimensional (2D) anisotropic structure and exceptionally high anharmonic chemical bonds, which give it both high electrical performance and low thermal conductivity. 1, 8, 9 A maximum ZT of 2.0 at 773 K is reported on sodium-doped tin selenide, which makes it a stateof-the-art thermoelectric material. 9 Since the structure and chemical bonds of tin sulde (SnS) are similar with SnSe, SnS has attracted increasing attention as a robust thermoelectric candidate. 8, 10 In addition, as a non-toxic binary IV-group chalcogenide semiconductor, SnS is perceived to be a promising absorption layer material for the next-generation solar cells. 11 Using rstprinciples-based methods, Hao et al. predict the ZT values of SnS-based compounds to range from 1.3 at 300 K to 1.9 at 800 K. 12 Experimentally, low thermal conductivity of below 1.0 W (m K) À1 and large Seebeck coefficient of over 400 mV K À1 are reported on SnS fabricated by the mechanical alloying approaches, and its maximum ZT is 0.16 at 823 K. 10 However, the mechanical alloying method requires expensive high-purity raw materials and special equipment requirements, which run up the cost to prevent its real device manufacture.
Here, we provide a method to improve the thermoelectric properties of SnS, which would be a new way to design novel thermoelectric materials. This method is based on the chemical thermodynamics using Na 2 S 2 O 3 and SnCl 2 as raw materials. The minimum thermal conductivity of 0.29 W (m K) À1 is obtained at 848 K, which is one of the lowest thermal conductivities known for thermoelectric materials. 3, [13] [14] [15] The largest ZT value is 0.41 at 848 K, which is much higher than that of mechanically alloyed SnS materials. 10
Experimental

Synthesis
SnS was synthesized though a simple chemical precipitation method. All the chemicals used in this work were of analytical grade. Tin(II) chloride (SnCl 2 ) and sodium hyposulde (Na 2 S 2 O 3 ) were used as source for Sn 2+ ions and S 2À ions with a molar ratio of 2 : 1, and the synthesis of SnS precursor was carried out in atmosphere. For deposition, 1 M SnCl 2 was mixed with 0.3 M ethylenediaminetetraacetic acid (EDTA) and 48 g L À1 triethanolamine (TEA) with vigorous stirring. 1 M Na 2 S 2 O 3 was dissolved in deionized water, then 20 g L À1 ammonia (NH 3 $H 2 O) and 1 M Na 2 S 2 O 3 solution were successively added into the SnCl 2 one under magnetic stirring for 20 minutes. The colorless solution slowly turned dark brown, indicating the formation of SnS precursor. The product was then separated from the mixed solution by ltering and washed with deionized water and alcohol several times, and dried in vacuum at 333 K for 12 hours. The powders were followed by annealing treatment for 4 hours, with different temperatures to improve the grain structure, and the heating rate of 5 K s À1 . According to the binary phase diagrams of SnS, there is a solid-state phase transition at 875 K for SnS. 16 Therefore, the annealing temperatures were set to 873 K, 923 K, and 973 K. Then, the three types of powders were loaded into three graphite dies respectively, and the bulk samples were prepared by a homemade hot-pressing machine at 853 K under 75 MPa in vacuum for 6 minutes.
Characterizations
The SnS powders prepared by the chemical precipitation method and annealed at different temperatures were characterized by X-ray diffraction (XRD) with Cu K a radiation at room temperature. For bulk samples, structural and morphological characterization were addressed by scanning electron microscopy (SEM) at room temperature, and thermoelectric properties such as electrical conductivities, Seebeck coefficients, and thermal conductivities were determined at various temperatures in the range of 303 K to 848 K. The electrical conductivity (s) and Seebeck coefficient (S) were determined using Netzsch SBA458. The thermal conductivities (k) were calculated using the relationship k ¼ arC p , where C p is the specic heat capacity, a is the thermal diffusivity, and r is the density. Both C p and a were measured by Netzsch LFA457, in which the reference sample is Pyroceram 9606, and r was measured using the Archimedes method. Room-temperature Hall resistances (R H ) of bulk samples were measured using Ecopia AMP55. The hole mobility (m H ) and carrier concentration (p) were calculated from m H ¼ s/pe and p ¼ 1/eR H , where e is the elementary charge. The Gruneisen parameter (g) of SnS was calculated using the formula g ¼ 2 ). The longitudinal (v l ) and transverse (v s ) sound velocities were measured using an ultrasonic instrument (Ultrasonic Pulser/Receiver Model 5058 PR, Olympus, USA).
Results and discussion
Effects of annealing temperatures on the microstructures
SnS undergoes a second-order phase transition from the orthorhombic structure (a-phase) to tetragonal phase (b-phase) at 858 K. Each Sn atom is surrounded by three S atoms and there are nearly 90 for every bond. The atoms in each layer are connected by covalent bonds. The bonding forces between the layers are weak and mainly composed of long Sn-S interactions. [17] [18] [19] [20] For the deposition of SnS, Sn 2+ ions complexed with EDTA and TEA were allowed to react with S 2À ions, generated by decomposition of Na 2 S 2 O 3 . TEA acted as a kind of complexing agent, and we have observed that the quantities of TEA and NH 3 (aq) were very critical to obtaining good-quality SnS powders. The deposition of the SnS powders is thought to follow the reaction suggested below:
where A is EDTA. [21] [22] [23] [24] Fig. 1 X-ray diffraction patterns of (a) SnS powders; (b) bulk samples parallel to the pressing direction; (c) bulk samples perpendicular to the pressing direction at different annealing temperatures (873 K, 923 K, 973 K). Asterisked peaks correspond to impurity phase Sn 2 S 3 or Sn 3 S 4 . SnS precursor is the SnS powders without annealing. Fig. 1(a) shows X-ray diffraction (XRD) patterns of SnS precursor and SnS powders by annealing treatment at 873 K, 923 K and 973 K. All major Bragg peaks can be indexed as orthorhombic phase SnS (PDF#39-0354) as shown at the bottom of Fig. 1 , indicating that single-phase powders were successfully synthesized by the chemical precipitation method. The peak intensity of SnS powders annealed at 923 K is the strongest one, indicating that the crystallinity of this sample is greater than that of others. Impurity phases appeared in the powders annealed at 873 K. It is believed that a kind of substance volatilizes into sulfur, and the following two chemical reactions, shown in eqn (4) and (5), occurred at 873 K. 10 This phenomenon also appears in all bulk samples, which may be caused by the high pressure and temperature during the hot-pressing process. The obvious difference between the strongest peaks in bulk samples parallel to the pressing direction and in bulk samples perpendicular to the pressing direction indicates the existence of anisotropy, which agrees with the thermoelectric properties in the following discussion.
3SnS + S / Sn 3 S 4 (4)
Fractural SEM analysis of SnS powder samples and SnS bulk samples are shown in Fig. 2 , in which 873 K, 923 K and 973 K are the annealing temperature of various SnS powders (designated as 873 K, 923 K, and 973 K powders in the following discussion for simplicity), which were used to synthesize different bulk samples. Fig. 2(a) shows the SEM images of SnS precursor samples, and samples are made up of SnS particles with different sizes. As shown in Fig. 2(b) , the sample synthesized with 873 K powders is composed of a large number of micro-particles with grain sizes of $3 mm. But Fig. 2(c) shows that the sample synthesized with 923 K powders comprises a large number of tightly stacked nanosheets with diameters of $2 mm and thickness of about tens of nanometers. When the annealing temperature increases to 973 K, the diameter of nanosheets increases sharply from $2 mm to $20 mm, and the sample exhibits an obvious lamellar structure with different lamination directions, as shown in Fig. 2(d) . The structural and morphological characterization of bulk samples vary from each other as annealing temperature changes, which exerts an important inuence on the thermoelectric performance of samples, as is shown in the following discussion.
Effects of the annealing temperature on the Seebeck coefficients and electrical transport properties
The temperature dependence of the electrical conductivity of SnS bulk samples along parallel (k) and perpendicular (t) directions to the pressing direction is shown in Fig. 3(a) and (b). The electrical conductivities of all samples increase with increasing temperature, consistent with the typical semiconducting behavior. Moreover, the electrical conductivities exhibit three stages of increase. But there is a slow stage of increase during 500-650 K, and when the temperature is over 650 K, the electrical conductivity increases rapidly. This is probably because of the bipolar effect, which is consistent with the temperature dependence of the Seebeck coefficient, as shown in Fig. 3(b) . Table 1 lists the results of room-temperature Hall effect measurement of the bulk sample parallel to the pressing direction synthesized with 923 K powders. Considering the ultra-low carrier concentration of SnS sample exhibited in Table 1 , it is reasonable that the bipolar like effect of SnS occurs at a relatively low temperature of about 650 K, though the band gap of SnS is over 1 eV. 25 The Seebeck coefficients of all samples are shown in Fig. 3(b) . The Seebeck coefficients of all samples increase with the increasing measured temperature when the temperature is below 650 K. This tendency is the same as that of electrical conductivities, showing that the increase of electrical conductivities in the temperature range of 300 K to 650 K probably comes from the enhancement of carrier mobility but not from the increase of carrier concentration because the latter may cause the decrease of Seebeck coefficients. Then, the Seebeck coefficients of all samples decrease abruptly when keeping the measured temperature increase over 650 K, resulting from the bipolar-like effect. All samples show large Seebeck coefficients over 189 mV K À1 , and the maximum can be as high as about 500 mV K À1 . The difference between Seebeck coefficients along those two directions may be caused by the anisotropy of SnS. Furthermore, the bulk samples parallel to the pressing direction synthesized with 973 K powders possess higher electrical conductivities and larger Seebeck coefficients than those of the other two samples in the temperature below 500 K. The sample synthesized with 873 K powders has the worst performance in the entire temperature range. This phenomenon may be related to the various grain sizes of different samples, as Fig. 1 shows.
Effects of annealing temperature on the thermal conductivity
The thermal conductivity along these two directions shows a greater difference, which is different from electrical transport properties and Seebeck coefficients. The thermal conductivities parallel to the pressing direction are quite low, as shown in Fig. 4(a) . The thermal conductivity of bulk samples perpendicular to the pressing direction shows an abrupt increase at 600 K, which could be caused by impurity phase Sn 2 S 3 or Sn 3 S 4 . The thermal conductivity is the sum of the electronic thermal conductivity (k e ) and the lattice thermal conductivity (k L ), so k L can be obtained indirectly from k L ¼ k total À k e , in which k e is roughly calculated from electrical conductivity according to the Fig. 3 Temperature dependence of (a) the electrical conductivity k to the pressing direction, (b) the electrical conductivity t to the pressing direction, (c) the Seebeck coefficient k to the pressing direction, (d) the Seebeck coefficient t to the pressing direction of SnS bulk samples using the powders at different annealing temperatures. Wiedemann-Franz law k e ¼ LsT (L ¼ 2.45 Â 10 À8 WUK À2 , Lorenz number). [26] [27] [28] The electronic thermal conductivity is very low because of the extremely low electrical conductivity, and the lattice thermal conductivity plays a dominant role in the overall thermal conductivity, as shown in Fig. 4 . The lattice thermal conductivity of SnS decreases with the increasing temperature, which arise from the increased phonon-phonon scattering. As a result, the total thermal conductivity exhibits a monotonic decreasing tendency with increasing temperature. There are two main reasons for the low thermal conductivity of SnS: the anharmonic bonding and the small grain size. The layered structure of SnSe features anomalously high Gruneisen parameters, reecting the anharmonic and anisotropic bonding. 8 Like SnSe, layered SnS exhibits an enhanced anharmonic effect, and its Gruneisen parameter is determined to be 1.38 for the 923 K annealed sample parallel to the pressing direction, a relatively high value compared with that of other thermoelectric materials. 29, 30 Moreover, Fig. 4(a) shows that the sample synthesized with 923 K powder has the lowest thermal conductivity among others, probably because it consists of a large number of very thin and small SnS nanosheets that enhance the phonon scattering. The minimum thermal conductivity is 0.29 W (m K) À1 at 848 K, comparable to the lowest value of SnSe.
Effects of annealing temperature on ZT
The ZT values of SnS at different temperatures along different directions are shown in Fig. 5 . The bulk sample parallel to the pressing direction synthesized with 923 K powder exhibits the Fig. 4 Temperature dependence of (a) the thermal conductivity k to the pressing direction, (b) the thermal conductivity t to the pressing direction, (c) the lattice thermal conductivity k to the pressing direction, (d) the lattice thermal conductivity t to the pressing direction of SnS bulk samples using the powders at different annealing temperatures. highest ZT value among the other samples. ZT curves of all samples show a signicant upward trend at temperatures above 550 K, especially for the 923 K parallel to the pressing direction bulk sample, increasing from 0.03 at 548 K to 0.41 at 848 K, as shown in Fig. 5(a) . This dramatic increase is due to the sharp increase in the electrical conductivity and the continuous decrease in the thermal conductivity. The very low thermal conductivity of 0.29 W (m K) À1 , combined with a large Seebeck coefficient of 403 mV K À1 , leads to a high ZT of 0.41 at 848 K. The present ZT is impressive among p-type metal suldes given the fact that SnS is a wide-bandgap compound. In fact, SnS exhibits the highest ZT value among p-type materials with bandgaps above 1.0 eV. 25 The work on SnS doping shows that proper doping can greatly improve the power factor of SnS and reduce the thermal conductivity, so further improvement of thermoelectric properties of SnS can be expected by proper doping based on this work.
Conclusions
High-performance tin sulde (SnS) as thermoelectric material were synthesized by a new chemical precipitation method using low-cost and environmentally friendly raw materials. The experimental results show that thermoelectric properties of SnS bulk samples can be adjusted by changing the annealing temperature of SnS powders. The highest ZT value of 0.41 with a very low thermal conductivity of 0.29 W (m K) À1 and a large Seebeck coefficient of 403 mV K À1 are observed at 848 K on the bulk samples parallel to the pressing direction that were synthesized with 923 K powders. The ZT value is two times higher than that of SnS samples prepared by mechanical alloying, indicating that high-performance SnS thermoelectric material can be synthesized using the inexpensive, simple and convenient chemical method. Moreover, the work on SnS doping indicates that further improvements of thermoelectric performance of SnS can be expected by proper doping based on this work. 25 
